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Ever since the first observation of surface enhanced Raman scattering ͑SERS͒ in 1974, 1 the possibility of enhancing other processes, such as photodissocation at rough metallic surfaces, has been seriously studied. 2 Although the complete detailed mechanism for SERS has yet to be understood, it is widely accepted that a major contribution arises from the excitation of the surface plasmon resonance ͑SPR͒ field which can couple to the radiation field in the presence of surface roughness. 3 Since this mechanism is independent of the details of the molecular process, it is thus expected that other processes in photochemistry can also be enhanced at a rough metal surface. Moreover, it often happens that realistic catalytic conditions for these processes require a high substrate temperature. It is thus of interest to investigate the possibility of sustaining such a SPR-enhancement mechanism at elevated temperatures. Though one has to acknowledge that many other mechanisms ͑e.g., surface phonon effects͒ and factors ͑e.g., surface morphology͒ could be of relevance to the surface enhancements observed, we single out the SPR as a prominent effect recognized ͑at least at room temperature͒ in the hope that our modeling results will stimulate experimentalist for a systematic study of this problem. We shall use SERS as an example in our present study.
Recent preliminary observation of SERS from chemisorbed oxygen 4 at silver surfaces to take place up to 900°K has further stimulated studies in this direction. Previously, we adopted a simplified model for a first attempt to understand the phenomenon theoretically. 5 In particular, we have modeled the surface roughness as a spherical island with a local dielectric response, and the substrate optical properties are accounted for using a temperature-dependent collision frequency in the Drude model as first treated by Ujihara. 6 However, the Debye model for the electron-phonon collision frequency was not handled in a consistent manner. 5, 6 Furthermore, it has been shown that nonlocal electrodynamic effects arising from the ''quantum spread'' of the surface electrons are very significant at close molecule-surface distances. 7, 8 Hence, it is the purpose here to present a much improved model for a theoretical study of the problem. The present model includes a more consistent treatment of the temperature variation of the phonon-electron collision, as well as the electron-electron collision contribution to the collision frequency in the Drude model. 9 Although it is known that the Drude model has only limited applicability for noble metals within a certain range of frequencies in which electronic intraband transitions dominate, we expect that the SPR effect should be well accounted for since it involves mainly collective motions of the free electrons. We shall also take into account the nonlocal dielectric response of the substrate metal.
As a model study, we consider the Gersten-Nitzan ͑GN͒ model 10 of a dipole-sphere system for SERS from which one obtains the enhancement ratio as:
where ␣ is the molecular polarizability ͑taken as 10 Å 3 ͒, a the radius, and d the molecule-sphere distance, respectively, and G Ќ is the ''image-field factor'' which is a function of the nth pole polarizability ͑ ␣ n S ) of the sphere. 11 Thus the ''surface roughness'' is modeled in a highly simplified way in terms of isolated and nondisperse particles, which can simulate experimental situation using a ''specially prepared'' island surface. 12 The original GN model assumed a local dielectric response function ⑀͑͒ entering ␣ n S . Previously, we studied the nonlocal effects on ␣ n S using a wave vector dependent function ⑀(k,) which can be expressed in terms of ⑀͑͒ within the hydrodynamic model. 13 We have found significant nonlocal effects for SERS at dр10 nm. 8, 14 Hence the following study will include these effects.
The dominant temperature dependence of Rin Eq. ͑1͒ will enter through ␣ n S with the introduction of a temperaturedependent Drude function as follows:
where we have assumed the minor temperature dependence of the plasmon frequency p to be negligible. 5 The tempera-JOURNAL OF CHEMICAL PHYSICS VOLUME 108, NUMBER 6 8 FEBRUARY 1998
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ture dependence of the collision frequency c , including the contributions from both phonon-electron and electronelectron scattering, can be obtained as:
with cp given by the Holstein model,
where is the Debye temperature and the constant 0 must be determined with care. 9 This last step was not treated in a consistent way previously. 5, 6 Furthermore, the ''zero-point frequency'' in ͑4͒ is found to remain significant up to the melting temperature of the metal ͑Ϸ4% contribution for silver at Tϭ1200 K͒, but was ignored in the previous models.
5,6 ce in Eq. ͑3͒ used here is given by the Lawrence result 15 in the following form:
where E F is the Fermi energy, k B the Boltzmann constant, ⌫ a constant averaging the scattering probability over the Fermi surface, and ⌬ the fractional umklapp scattering.
We have performed a numerical study of the temperature effects on SERS using the above improved model taking silver as the substrate. The parameters required can be found from Ref. 9 . The molecule-surface distance and the sphere radius are fixed at 10 and 50 Å, respectively. Figure 1 shows the enhancement ratio as a function of temperature for different scattering frequencies. It is seen that the decrease in R as T increases is only significant for frequencies close to that of the surface plasmon resonance of the substrate ͑at Ϸ5 eV͒. The insignificant variation of R with T for ''offresonant'' scattering frequencies can be seen more clearly from a logarithmic plot shown in the inset. While these results are qualitatively comparable with those observed previously using a cruder model, 5 the decrease in R is here quantitatively much milder as temperature increases, even for scattering close to the SPR frequency of the substrate. In particular, no ''crossing'' between the R vs T curve is observed as was seen before. 5 Furthermore, one sees that the nonlocal effect will in general lead to both a lower value and a lower rate of decrease for R as a function of temperature.
Hence, according to the present modeling results, it appears that the SPR enhancement mechanism can most of the time survive at high substrate temperatures. Of course, consideration of more realistic surface morphology and other physical mechanisms can change our results dramatically. However, if this result can be confirmed experimentally, then not only SERS but also other spectroscopic and catalytic photochemical processes can be enhanced at elevated substrate temperatures. We thus believe a definitive experimental clarification of this issue over a large range of frequencies will be desirable, given the complexity and various idealizations of the theoretical modeling of the problem. P.T.L. acknowledges the support of the Institute of Physics provided during his stay. 
